The IEEE 802.16/WiMAX standards has fully embraced multi-antenna technology and can, thus, deliver robust performance and high transmission rates. Nevertheless, due to its inherent cost concerns, a WiMAX mobile station (MS) should preferably contain fewer radio frequency (RF) chains than antenna elements. Thus, antenna selection, wherein a subset of antennas is dynamically selected to connect to the limited number of RF chains for transceiving, is a highly appealing performance enhancement technique for multiantenna WiMAX terminals. In this paper, a novel protocol for antenna selection in space division multiple access (SDMA) transmission is developed for the next-generation IEEE 802.16 mobile stations. Both locally and globally optimal selection rules are considered at the base station (BS). The proposed protocol can readily accommodate various channel situations (e.g., reciprocal and non-reciprocal channels). As demonstrated by analysis and simulation, the proposed protocol delivers considerable performance improvement over conventional IEEE 802.16 terminals that lack antenna selection capability. Moreover, the proposed protocol leverages the existing signaling method defined in IEEE 802.16, thereby incurring a negligible signaling overhead and requiring only minimal modifications of the standard.
INTRODUCTION
In order to achieve the capacity and quality of service (QoS) demanded by high-speed multimedia services, both the original WiMAX IEEE 802.16 standard and its subsequently ratified amendments make use of a large number of advanced technologies. The current IEEE 802.16 standard is based on MIMO-OFDMA (where MIMO stands for "multiple input multiple output" and OFDMA for "orthogonal frequency division multiple access") [12] . A further technology enhancement foreseen in the standard is the use of space division multiple access (SDMA), a multi-user MIMO technology that can enable a base station (BS) to transmit (or receive) signal to (or from) multiple mobile stations (MSs) concurrently using the same channel resource, namely the same time slot and frequency subchannels.
At an MS with multiple antennas, the number of radio frequency (RF) chains (N RF ) is often less than the number of antennas (N R ), i.e., N RF ≤ N R , due to the high cost of RF chains and relatively low cost of antennas. In a wireless propagation channel, it is known that each antenna provides a distinct signal path that experiences different fading. Therefore, it is important to perform antenna selection, which selectively and dynamically connects a subset of cardinality NRF of the available antennas to the RF chains. The criterion for selecting the antennas is the improvement of system performance in terms of bit error rate (BER), signal to noise ratio (SNR) or throughput. Theoretical aspects of antenna selection have already been studied extensively in the literature [7, 10] and references therein. Antenna selection has also recently been incorporated as a key feature in the high speed IEEE 802.11n wireless local area network (WLAN) standard [2] , and accepted as a primary working assumption in the 3GPP LTE standard [5] .
In the current IEEE 802.16 networks, however, antenna selection is supported only at the BS side, essentially as a coarse but robust precoding technique [6] . Indeed, the WiMAX standard has not exploited antenna selection at MSs, where cost and complexity concerns are paramount and antenna selection is needed the most. Recently, Nie et al. [8] proposed an antenna selection protocol for IEEE 802.16 MSs for a single-user MIMO system. However, to the best knowledge of the authors, MS antenna selection for SDMA transmission has never been discussed in the context of WiMAX networks.
In this paper we propose a protocol called MASS for MS Antenna Selection for SDMA transmissions in order to achieve local or global optimality in WiMAX networks. One salient feature of this proposed protocol is that it can support all the major permutations (i.e., assignment of transmit symbols to OFDM-subcarriers) defined in IEEE 802.16, and adaptively operates under both reciprocal and non-reciprocal channel conditions for downlink and uplink. Since the MASS protocol substantially reuses the channel measurement and reporting, media access (MAC) messages, and physical (PHY) support that have already been provided by the current IEEE 802.16 standard, it only incurs diminutive additional complexity, thereby speeding up its acceptance and implementation.
We will use the following notation: Upper and lower case bold symbols denote matrices and column vectors, respectively. (·) T stands for transpose, (·) H Hermitian transpose and || · || F Frobenius norm. CN (0, σ 2 ) represents the circularly symmetric complex Gaussian distribution with zero mean and variance σ 2 ;γ = E{γ} is the mean of a random variable γ.
PROTOCOL FOR MS ANTENNA SELEC-TION IN SDMA (MASS)

Antenna Switching
In order to determine the channel state between all the possible transmit antenna subsets and the receive antenna subsets, all the available antenna subsets need to sound the channel, i.e., send or receive pilot symbols. This entails switching between different antenna subsets, which can occur during the cyclic prefix (CP) interval of an OFDM symbol [9] .
Antenna selection at MS can be classified as transmit antenna selection (TAS), which occurs in the uplink (UL), and receive antenna selection (RAS), which occurs in the downlink (DL). The algorithms selecting the antenna elements subset can be categorized as local selection (LS) and global selection (GS). As the name suggests, LS only considers information available at the MS on which a subset of antennas need to be selected, thereby rendering a locally optimal performance. In contrast, GS takes channel information for all the MSs involved in the same SDMA transmission into account, and thus can yield the optimal subset of antennas. Note that it is the BS that determines whether locally optimal selection or globally optimal selection should be used. We will first describe the proposed algorithms for LS and GS, and then introduce the adaptive MASS protocol to provide a unified framework that can cover all pertinent scenarios.
Local Selection Algorithm
For LS at a designated MS, the antenna selection (AS) is based on the channel state information (CSI) between this MS and the BS only. Note that MSs other than the designated MS do not have to switch antennas in this process, as the antenna selection on this MS does not affect the selected antennas on other MSs. Since the proposed algorithm is identical for all MSs, it is sufficient to describe the local AS for just one MS, say MS k . The AS can either be scheduled to occur on a periodic basis (which can be related to estimates of the channel coherence time) or performed "on demand". In the latter case, AS is usually initiated by the receiver. For LS DL RAS, the algorithm is depicted in Algorithm 2.1 (Table 1) . Once the designated MS (M S k ), which is the receiver in the downlink, decides to initiate antenna selection, it uses different subsets of antennas to receive different OFDMA symbols that contain pilot subcarriers, and estimates the CSI of the channel associated with each different subset of antennas. The MS then can select the antenna subset that will give it the best channel quality. The full CSI or just channel quality information (CQI) should be fed back from the MS to BS for precoding before SDMA transmissions. The MS can also inform the BS of the the identity of the selected antenna subset, so that BS can track the channel variation or user mobility by comparing the CQI feedback with the stored CQI of the corresponding antenna subset.
If the channel is reciprocal, the same antenna subset selected for reception on the downlink can then be used for transmission on the uplink. Otherwise, the BS transmits an MS antenna selection for SDMA uplink information element (MASS UL IE) to the MS to initiate the UL TAS process, as depicted in Algorithm 2.2 ( Table 2 ). After being notified by the BS, the MS uses the current antenna subset to transmit pilot signals in the first available pilot symbol, and then sequentially uses disjoint antenna subsets to transmit subsequent pilot signals. Thus, the BS can estimate the channel response associated with each different antenna subset used by the MS in the uplink, and determine the optimal transmit antenna subset that the MS should use. The BS then sends a 2-byte long MASS UL IE to notify the MS of this optimal subset. The MS should follow the instruction and switch to the selected antenna subset to transmit subsequent packets in the uplink subframe.
Global Selection Algorithm
When multiple MSs participate in SDMA communications by using the same channel resource to transmit in the uplink or receive in the downlink concurrently, globally optimal antenna selection can be used. In contrast to LS, the GS for each designated MS depends on not only the channel between BS and this particular MS, but also the channel between BS and all other MSs engaging in the SDMA transmissions.
LS selects the antennas that will yield the highest noiselimited capacity. However, if applying the same criteria for SDMA communications, an antenna subset that is not globally optimal may be chosen. Indeed, what is different for GS is the fact that the interference that one MS creates to another is taken into account. It might thus be preferable to pick certain antenna elements that do not maximize the noise-limited capacity for a given MS, but create less interference to other MSs. When using GS in an SDMA communications, the selection decision is made at the BS, which therefore needs to have access to the measured CSI of all the channels involved. The uplink TAS is normally triggered by the BS using MASS UL IE. In response, the designated MS transmits the OFDMA symbol with pilots using different antenna subsets. After the BS collects the CSI from all MSs, globally optimal criteria can be applied to select antenna subset for each MS. The BS indicates the selection in the MASS UL IE to the MS, which will switch to the selected antenna subset for subsequent uplink data transmissions. Notice that this procedure is identical to the LS UL TAS depicted in Algorithm 2.2, except that the GS criterion is used at the BS.
For the downlink, however, both MS and BS can initiate the RAS. Each MS measures the CSI between the BS and different antenna subsets, and feeds back the CSI to the BS. Again, the decision of which antenna subset to use is made by the BS, after globally considering the CSI from all MSs. (Table 3 ) describes the GS DL RAS procedure initiated by the BS. In order to let MS report the channel quality it has measured, the BS needs to allocate to the MS an uplink channel quality information (CQI) channel (CQICH) by using information elements defined in current IEEE 802.16 (e.g., CQICH Allocation IE, etc.).
Based upon the CQI report received from the MS, the BS can select the subset of antennas for MS to use in downlink for reception. The BS indicates the selected antenna subset in MASS DL IE to the MS for its subsequent SDMA downlink data reception.
The MASS DL IE is an extended DL-MAP IE to support antenna selection signaling, and has a structure that is similar to MASS UL IE. Note that the format of both MASS UL IE and MASS DL IE complies with that of a general IEEE802.16 information element. Due to space limitation, however, the detailed format of these two information elements is omitted here. (Table 4 ) depicts the procedure for MSinitiated GS DL RAS. The DL RAS procedure sometimes should be initiated by MS, for example, if the latest CQI report sent to the BS is no longer up-to-date while the next periodic CQI feedback opportunity is still far away.
In this case, MS k can initiate the DL RAS, and request bandwidth from the BS for channel quality reporting by sending a CQICH allocation request. In order to send a CQICH allocation request, however, the MS has to first acquire proper resources for uplink transmission. An MS can use various bandwidth request (BR) schemes and contentionresolution protocol defined in the current IEEE 802.16 standard to acquire such uplink resource. Once an uplink transmission opportunity is secured, the MS can use it to request a CQICH allocation. The BS allocates the resource for CQICH reporting to the MS, and transmits the pilot signals along with downlink data. The MS receives the pilot signals using different subset of antennas, and estimates the downlink channel associated with each antenna subset based upon the pilots. The MS informs the BS of the CQI for the channel associated with each antenna subset in the allocated CQICH channel.
Sometimes the last CQI report of the MS is no longer appropriate for the remaining duration until the next periodic CQI feedback. In this case, the MS can transmit the unsolicited CQI report to the BS through a report response (REP-RSP) message. The MS has to ensure in advance that there is sufficient bandwidth for the transmission of a REP-RSP message in the uplink via such methods as contention-based bandwidth request. The BS notifies the MSs by transmitting MASS DL IE to each MS before an SDMA downlink transmissions.
Adaptive MASS Protocol
We now define the MASS protocol which is consistent with the current IEEE 802.16 specifications and efficiently activates antenna selection operations whenever necessary. The proposed protocol can support all permutations defined in the standard and accommodate both LS and GS criteria under both reciprocal and non-reciprocal channel conditions.
As illustrated in Fig. 1 , when an MS enters an IEEE 802.16 network, it transmits a subscriber station basic capability request (SBC-REQ) message, which is defined by the current standard to indicate the functionalities that the transmitting MS can support. This message has to communicate to the BS the number of antenna elements and RF chains that the MS contains, and whether the MS supports antenna selection functionality or not. Then, the BS sends back a subscriber station basic capability response (SBC-RSP) message as an acknowledgment. By exchanging SBC-REQ and SBC-RSP messages, BS and MS learn about basic physical parameters of each other. In the IEEE 802.16 time-division-duplex (TDD) system, the uplink and downlink transmissions share the same frequency spectrum. Accordingly, the channel state in an IEEE 802.16 network is measured in the downlink and uplink within a downlink subframe and uplink subframe by MS and BS, respectively. The channel estimation is conducted by measuring pilot signals, which are carried within pilot symbols and subcarriers. When the MS receives pilot signals from the BS, it feeds back the measurement results to the BS through the CQICH or by means of a channel measurement report response (REP-RSP) message, as defined in IEEE802.16 standard. The BS, upon receiving channel measurements from an MS, compares the downlink and uplink channel estimates and then determines whether the DL and uplink channels are reciprocal or not.
In addition to CQI, each MS should also report to the BS the coherence time index (CTI), which indicates the coherence time information for the channels between the MS and BS. This allows the BS to determine whether LS or GS should be adopted. For example, if one user's channel coherence time is much shorter than that of the other users', it implies that this particular user is probably moving at a fairly high speed. Thus, it is more appropriate to apply LS for this user, while using GS for other users with similar channel coherence time. For LS, the DL protocol follows Algorithm 2.1 described in Section 2.2. In the uplink, it depends on whether the downlink and uplink channels are reciprocal. If channel reciprocity holds, an MS should transmit in the uplink with the antennas selected per Algorithm 2.1. Otherwise, the MS should perform AS according to Algorithm 2.2.
For GS in uplink, Algorithm 2.2 still works with GS criteria. In the downlink, if the channels are reciprocal, the MS can use the same antenna subset chosen for UL TAS transmissions following Algorithm 2.2. But if the channels are not reciprocal, two cases may happen depending on whether the AS is initiated by MS or BS, which should follow Algorithms 2.3 and 2.4, respectively.
In summary, with different algorithms described in sections 2.2 and 2.3, this adaptive MASS protocol can handle all the scenarios including LS and GS, DL and UL, in both reciprocal and non-reciprocal channel states.
ANTENNA SELECTION CRITERIA AND PERFORMANCE
This section evaluates the performance of the adaptive MASS protocol with various antenna selection criteria. Since SDMA enables a BS to transmit to (or receive from) multiple MSs concurrently using the same channel resource, it can substantially improve network capacity. With antenna selection implemented in SDMA, further improvement of the capacity is expected.
System Model
We consider a cellular SDMA system with one BS (with NT antennas and NT RF chains) and K MSs/users (each with N R antennas and N RF RF chains). The BS transmits L k data streams to MS k. Different links are assumed to be independent and undergo frequency-flat Rayleigh fading.
1 Therefore, the baseband matrix representation of the channel from BS to MS k, H k , has complex Gaussian elements h ji from transmit antenna i to receive antenna j,
, where s k (m) denotes the zero-mean data vector, of size L k × 1 at time m. Our protocol from Section 2 enables the BS to have complete CSI for all the BS-MS channels; note that this assumption had been used in previous theoretical papers [3, 11, 13] though those papers did not specify protocols for obtaining this CSI. We also assume a block-fading channel model with a sufficiently large coherence time so that the channel fading remains the same over the duration in which T k is used. Given current CSI, in order to maximize the peruser transmission information rate, a Gaussian code book is used for the transmit data vectors, with normalized power
H ] = IL k . Furthermore, the code books for different users are independent of each other, i.e.,
These assumptions make the simulations feasible, though we note that the actual IEEE 802.16 standard only approximates the Gaussian codebook with a finite set of modulation/coding techniques.
The equivalent discrete-time received signal corresponding to symbol m of user k after matched filtering and sampling can be expressed as
where n k (m) is the additive white Gaussian noise vector, k = 1, . . . , K.
Antenna Selection Criteria
Either LS or GS criteria can be used for antenna selection in SDMA. For LS, each MS selects antenna(s) without knowledge of the channels between BS and other MSs. Consequently, one reasonable metric for both downlink and uplink is to maximize the capacity for each MS. If we further assume N0 = 1 in the discussion hereafter, this would imply finding the best antenna subsets for MS k that maximize
Notice that T k can not be used for LS in (2), as T k is actually a function of H = [H 1 , . . . , H K ]. Also note that we do not assume the column of T k to be unitary, but instead incorporate the power control in the precoding matrix.
For GS, however, the BS should make use of the CSI from all users, as well as the precoding matrix derived from the CSI. The sum rate of the SDMA system is used as the metric for GS in the uplink, i.e., the selected antenna(s) on the users should maximize
where
. GS can also be performed by maximizing the sum of signal to interference plus noise ratios (SINRs):
Or, to take fairness into consideration, BS can globally select antennas by maximizing the minimum user rate, i.e.,
Furthermore, to guarantee a QoS requirement of e.g., minimum rate for each user, antennas should be selected to maximize Csum in (3) while given the constraint of Cmin ≥ C0, for some C 0 > 0. In order to find the optimum antennas, we can use an exhaustive search over all possible antenna subset combinations over all MSs, where for each subset combination we optimize the cost function according to one of the metrics in (2)-(5). With K users in an SDMA system, the complexity of the GS algorithm grows exponentially with K. To be specific, the complexity is on the order of Θ( k. In this case, the dimensionality of the problem (number of possible subsets) explodes with the number of users. In practice, however, since SDMA in an OFDMA system usually does not assign more than 3 or 4 users to the same resource, this exhaustive search remains a viable solution approach. As a result, there is no analytical expression for the optimal solution of the antenna selection, which depends on the channel properties and antenna selection criteria.
SIMULATION RESULTS
Using the channel model described above, simulations in this subsection compare BER and sum rate of antenna selection schemes in SDMA for practical SNR values [4] . Unless otherwise stated, we will consider the SDMA system with NT = 4, NRF = 2, NR = 4, K = 2, L1 = L2 = 1, and the default setup is with sum-rate GS and uncoded QPSK modulation. Fig. 2 shows the BER for AS with various selection criteria in SDMA systems. It is evident that in both correlated and uncorrelated channels, LS slightly outperforms the case without AS, while GS gives a tremendous improvement compared to LS. GS has a much better diversity gain compared to LS and the case without AS, meaning a steeper slope of the BER vs. SNR curve. Combining the results with the complexity discussion in Section 3.2, we conclude that when there are just 2 to 4 users in SDMA systems, GS should be used for the MASS protocol. For GS, moreover, sum-rate (3) performs better than sum-SINR (4) and is actually the best among all selection criteria. Thus, we use sum-rate GS as our default selection criterion from now on. Fig. 2 also shows that for the same scheme, channel correlation may have significant negative impact on the performance of antenna selection.
Performance comparisons for SDMA systems with various numbers of users are given in Fig. 3 , based on sum rate GS. Here we set N T = 4, N RF = 1 and N R = 2. As expected in Fig. 3(a) , improved average BER is achieved as the number of users K decreases. Note that, when K = 1, the system is reduced to a co-located MIMO system. It seems that the gaps between the BER curves become smaller as the number of users increases, implying that more users are preferred in the MASS protocol for sum rate GS whenever the complexity can be afforded in practice. This can be further confirmed by Fig. 3(b) , which shows that sum rate also grows significantly as K increases. To address the QoS issues, Fig. 3 also depicts the sum rate GS for 4 users with a minimum rate per user C min ≥ log(1+SNR). The minimum rate constraint does not degrade the average BER as shown in Fig. 3(a) , and also retains the sum rate at high SNRs, though it does degrade the sum rate in the low SNR regime, see Fig. 3(b) . This implies that at high SNR regime, the antenna subsets maximizing sum rate satisfy at the same time the QoS requirement of minimum rate per user.
CONCLUSIONS
This paper proposes the use of antenna selection as an efficient and cost-effective solution for enhancing SDMA system performance for next generation IEEE 802.16 mobile terminals [1] . For each designated MS, a locally or globally optimal subset of antennas is selected based on the CSI. A protocol for MS Antenna Selection for SDMA communications (MASS) is proposed to accommodate both reciprocal and non-reciprocal channel conditions. As verified by simulations, MASS protocol substantially improves the BER and sum rate performance, and incurs a negligible signaling and implementation complexity overhead.
